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An I n v e s t i g a t i o n  of  a  H y p o t h e t i c a l  Pledical  
Sc reen ing  Program 
J.  H .  Bigelow and H .  V.  Lee 
I n t r o d u c t i o n  
-- . 
 his pape r  a d d r e s s e s  t h e  q u e s t i o n  what a r e  t h e  key param- 
e t e r s  t h a t  d e t e r m i n e  t h e  c o s t  and  e f f e c t i v e n e s s  o f  a  med ica l  
s c r e e n i n g  program i n t e n d e d  t o  d i s c o v e r  o c c u l t  c a s e s  o f  a  d i s e a s e .  
The c o s t  o f  t h e  program w i l l  s imp ly  be  t h e  d o l l a r  v a l u e  o f  t h e  
r e s o u r c e s  it u s e s  a n n u a l l y .  The e f f e c t i v e n e s s  o f  t h e  program 
w i l l  be  measured by t h e  m o r t a l i t y  r a t e  owing t o  a  d i s e a s e .  The 
lower  t h e  m o r t a l i t y ,  t h e  more e f f e c t i v e  we w i l l  c o n s i d e r  t h e  
program. 
To h e l p  answer  t h i s  q u e s t i o n ,  w e  have deve loped  a  model 
which r e l a t e s  t h e  c o s t  and e f f e c t i v e n e s s  of  a  s c r e e n i n g  program 
t o  t h e  p a r a m e t e r s  i n  q u e s t i o n ,  and w e  have  e s t a b l i s h e d  t h e  
f o l l o w i n g  r e l a t i o n s .  F i r s t ,  w e  e x p r e s s  c o s t  and m o r t a l i t y  i n  
t e r m s  of  q u a n t i t i e s  more fundamenta l  t o  a  s c r e e n i n g  program. 
These a r e  t h e  number o f  s c r e e n i n g  tes ts  p e r  c a p i t a  p e r  y e a r ,  
N ;  t h e  a n n u a l  number o f  t es t s  p e r  c a p i t a  t h a t  e r r o n e o u s l y  
i n d i c a t e  t h e  p r e s e n c e  of t h e  d i s e a s e ,  F  ( t h e  f a l s e  p o s i t i v e s ) ;  
t h e  a n n u a l  number o f  c a s e s  p e r  c a p i t a  d e t e c t e d  by s c r e e n i n g ,  D ;  
and t h e  a n n u a l  number o f  c a s e s  p e r  c a p i t a  missed  by s c r e e n i n g ,  
and d i s c o v e r e d  i n s t e a d  i n  t h e  c l i n i c ,  K .  Second, w e  e s t a b l i s h  
r e l a t i o n s  between t h e s e  q u a n t i t i e s  and a  d e s c r i p t i o n  o f  t h e  
d i s e a s e  p r o c e s s ,  t h e  i n t e r v a l  between s u c c e s s i v e  tes ts  performed 
on t h e  same i n d i v i d u a l ,  and  v a r i o u s  o t h e r  p a r a m e t e r s .  Among 
t h e s e  p a r a m e t e r s  a r e  t h e  i n c i d e n c e  o f  t h e  d i s e a s e ,  t h e  c o s t s  
and t h e  e f f e c t i v e n e s s e s  of b o t h  e a r l y  and l a t e  t r e a t m e n t ,  and 
t h e  c o s t  and c a p a b i l i t i e s  ( f a l s e  p o s i t i v e  and f a l s e  n e g a t i v e  
e r r o r  r a t e s )  o f  t h e  s c r e e n i n g  t e s t .  
W e  w i l l  t r y  t o  answer  o u r  q u e s t i o n  by v a r y i n g  e a c h  param- 
eter i n d i v i d u a l l y ,  e ach  t i m e  a d j u s t i n g  t h e  i n t e r v a l  between 
s u c c e s s i v e  s c r e e n i n g  t e s t s  s o  t h a t  a  c o n s t a n t  e f f e c t i v e n e s s  
( i . e .  m o r t a l i t y )  i s  m a i n t a i n e d .  The e f f e c t  o f  t h i s  change  on 
t h e  c o s t  of  t h e  program w i l l  be a  measure  o f  t h e  impor t ance  o f  
t h a t  pa rame te r .  I n  a d d i t i o n ,  w e  w i l l  select  p a i r s  o f  p a r a m e t e r s ,  
which w e  w i l l  a d j u s t  a l o n g  w i t h  t h e  s c r e e n i n g  i n t e r v a l  t o  y i e l d  
a  cont inuum of  ;?rograns  w i t h  c o n s t a n t  c o s t  and e f f e c t i v e n e s s .  
T h i s  w i l l  y i e l d  c u r v e s  showing pa rame te r  changes  a b o u t  which 
one i s  i n d i f f e r e n t .  
F i n a l l y ,  w e  w i l l  i n v e s t i g a t e  c e r t a i n  s e n s i t i v i t i e s  o f  o u r  
r e s u l t s .  Thus, w e  w i l l  a s k  whether  t h e  p a r a m e t e r s  which most 
h e a v i l y  i n f l u e n c e  t h e  c o s t  a r e  d i f f e r e n t  f o r  a  program w i t h  
low e f f e c t i v e n e s s  from one  whose e f f e c t i v e n e s s  i s  Iiigh. Another 
q u a n t i t y  w e  w i l l  examine is  t h e  t r a n s i t  t i m e  of  t h e  d i s e a s e - -  
t h a t  i s ,  t h e  l e n g t h  o f  t i m e  d u r i n g  which a  c a s e  i s  o c c u l t  b u t  
d e t e c t a b l e  by s c r e e n i n g .  W e  a s k  what d i f f e r e n c e  d o e s  it make i f  
t h e r e  i s  a  g r e a t  d e a l  o f  v a r i a t i o n  i n  t h e  t r a n s i t  t i m e s  of  
d i f f e r e n t  c a s e s ?  
A problem t h i s  paper  g i v e s  i n s i g h t  i n t o  i s  t h e  g u i d i n g  
of b iomedica l  r e s e a r c h .  Such gu idance  i s  a t t e m p t e d  by anyone 
who must a l l o c a t e  l i m i t e d  r e s o u r c e s  t o  competing r e s e a r c h  
p r o p o s a l s .  I t  i s  wide ly  ag reed  t h a t  r e s o u r c e s  shou ld  be a l l o -  
c a t e d  t o  t h e  d i f f e r e n t  proposed p r o j e c t s  on t h e  b a s i s  of  t h e  
r e l a t i o n  of  b e n e f i t s  t o  be expec ted  and c o s t s  t o  be  borne .  
The r e s u l t s  of t h i s  paper  a r e  d i r e c t l y  r e l e v a n t  t o  one-ha l f  
o f  t h i s  q u e s t i o n :  how t o  a s s i g n  a  v a l u e  t o  t h e  expec ted  r e s u l t s  
of  a  r e s e a r c h  p r o j e c t .  The answer w e  g i v e ,  of  c o u r s e ,  i s  t h a t  
t h e  v a l u e  o f  a  r e s u l t  t h a t  changes  one  o r  more of o u r  pa rame te r s  
i s  i n d i c a t e d  by t h e  money t h a t  change w i l l  s a v e  i n  a  c o n s t a n t -  
e f f e c t i v e n e s s  s c r e e n i n g  program. For example, one of  t h e  param- 
eters  d e s c r i b i n g  t h e  t e s t  w i l l  be t h e  f a l s e  n e g a t i v e  e r r o r  r a t e ,  
which might  be reduced  by r e s e a r c h .  Another  parameter  w i l l  be 
t h e  i n c i d e n c e  o f  t h e  d i s e a s e .  A t e c h n i q u e  f o r  p r e v e n t i n g  t h e  
d i s e a s e  cou ld  be  model led by r educ ing  t h e  i n c i d e n c e .  W e  w i l l  
a l s o  be a b l e  t o  model a n  improvement i n  t h e  t e s t  t h a t  p e r m i t s  
d e t e c t i o n  of t h e  d i s e a s e  a t  an  e a r l i e r  s t a g e .  Of c o u r s e ,  it 
w i l l  be  e a s y  t o  d e a l  w i t h  r e d u c t i o n s  i n  t h e  c o s t  o f  t h e  sc reen -  
i n g  t e s t  o r  t h e  c o s t  o f  t r e a t i n g  t h e  d i s e a s e  i n  i t s  e a r l y  o r  
l a t e  s t a g e ,  and it w i l l  be e q u a l l y  e a s y  t o  d e a l  w i t h  improve- 
ments  i n  t h e  s u r v i v a l  r a t e s  of  t r e a t e d  p a t i e n t s .  
S t eady-S ta t e  
The measures  of  c o s t  and e f f e c t i v e n e s s  a r e  a n n u a l  q u a n t i -  
t i e s .  That  is ,  t h e y  may change from y e a r  t o  y e a r .  For  example, 
t h e  s c r e e n i n g  program may be growing,  i n c r e a s i n g  N from one 
y e a r  t o  t h e  n e x t .  O r ,  t h e  a g e  s t r u c t u r e ,  h a b i t s  of  hyg iene ,  
o r  n u t r i t i o n a l  s t a t u s  of  t h e  p o p u l a t i o n  may be chang ing ,  t h u s  
a l t e r i n g  t h e  i n c i d e n c e  of  t h e  d i s e a s e .  I f  t h e  s c r e e n i n g  pro-  
gram i s  new, t h e r e  may be a  backlog  of  c a s e s ,  which a l l o w s  
t e m p o r a r i l y  f o r  c a s e s  t o  be d i s c o v e r e d  e i t h e r  by s c r e e n i n g  o r  
c l i n i c a l l y ,  a t  a  r a t e  g r e a t e r  t h a n  t h e  i n c i d e n c e .  
To c o n s i d e r  such  t i m e  dependenc ie s  would make t h e  compari-  
son  o f  b e n e f i t s  from d i f f e r e n t  r e s e a r c h  r e s u l t s  i n t o l e r a b l y  
compl i ca t ed .  The c o s t  and m o r t a l i t y  would have t o  be  c a l c u l a t e d  
f o r  each  of  many f u t u r e  y e a r s ,  a s  t h e y  change owing t o  t h e  
implementa t ion  o f  a  r e s u l t .  T h e i r  v a l u e s  i n  each  y e a r  would 
depend on t h e  implementa t ion  s t r a t e g y :  should  w e  make t h e  
change r a p i d l y ,  a t  h i g h  c o s t ?  Should w e  move s l o w l y ,  a t  l i t t l e  
expense? B e n e f i t s ,  and/or  c o s t s  i n c u r r e d  a t  d i f f e r e n t  t i m e s  
would have t o  be compared, f o r  which no u n c o n t r o v e r s i a l  method 
e x i s t s .  
T h e r e f o r e ,  w e  choose  t o  c o n s i d e r  o n l y  t h e  s t e a d y - s t a t e  
v a l u e s  of  t h e  impac t s .  Thus, w e  assume t h a t  d u r i n g  each  y e a r  
t h e  same number o f  s c r e e n i n g  tes ts  a r e  done ,  t h a t  t h e  backlog  
of o l d  c a s e s  h a s  been e x h a u s t e d ,  and t h a t  t h e  i n c i d e n c e  of  
t h e  d i s e a s e  d o e s  n o t  change from one y e a r  t o  t h e  n e x t .  T h i s  
w i l l  r e d u c e  a  m u l t i t u d e  of impac t s  a r i s i n g  from a  r e s e a r c h  
r e su l t - -name ly ,  t h e  c o s t  and m o r t a l i t y  i n  each  of  many yea r s - -  
t o  o n l y  two impac t s .  These two, o f  c o u r s e ,  a r e  t h e  s t e a d y -  
s t a t e  a n n u a l  c o s t  and t h e  s t e a d y - s t a t e  annua l  m o r t a l i t y .  
Homogeneity 
Another s i m p l i f i c a t i o n  w e  w i l l  make i s  t h a t  w e  w i l l  
assume t h e  p o p u l a t i o n  w e  a r e  s c r e e n i n g  i s  e f f e c t i v e l y  homo- 
geneous.  Thus, e i t h e r  a l l  i d e n t i f i a b l e  g roups  w i t h i n  t h e  
t a r g e t  p o p u l a t i o n  have t h e  same i n c i d e n c e ,  o r  any g roup  t h a t  
does  n o t  c a n n o t  be  induced t o  b e  sc reened  e i t h e r  more o r  less 
f r e q u e n t l y  t h a n  any  o t h e r  group .  T h i s  assumpt ion  i m p l i e s  
t h a t  a l l  c a s e s  of t h e  d i s e a s e  a r e  t r e a t e d  e q u a l l y  by t h e  
s c r e e n i n g  program, whether  o r  n o t  t h e s e  c a s e s  a r e  c o n c e n t r a t e d  
among c e r t a i n  i n d i v i d u a l s .  By e q u a l  t r e a t m e n t ,  w e  mean t h a t  
each  c a s e  h a s  t h e  same chance  of  b e i n g  s c r e e n e d  any p a r t i c u l a r  
number of  t i m e s .  
T h i s  assumpt ion  of homogeneity i s  c l e a r l y  u n r e a l i s t i c .  
The i n c i d e n c e  of most d i s e a s e s  depends on age .  Cancer ,  f o r  
example,  i s  l a r g e l y  a  d i s e a s e  o f  t h e  o l d .  F u r t h e r ,  i n  most 
s c r e e n i n g  programs f r equency  of  p a r t i c i p a t i o n  i s  a l s o  a g e  
dependen t .  
However, t h e  a s sumpt ion  of  homogeneity can  e a s i l y  be  
r e l a x e d  shou ld  t h i s  a p p e a r  d e s i r a b l e  i n  any  s p e c i f i c  a p p l i c a t i o n .  
Such a  r e l a x a t i o n  would be  accompl i shed  by p a r t i t i o n i n g  t h e  
p o p u l a t i o n  i n t o  homogeneous g roups ,  b u i l d i n g  a  model o f  t h e  
k ind  w e  w i l l  d e s c r i b e  f o r  e a c h  g roup  s e p a r a t e l y ,  and ,  f i n a l l y ,  
add ing  t h e  r e s u l t s  o f  t h e  v a r i o u s  models t o g e t h e r .  But s i n c e  
t h i s  pape r  d e s c r i b e s  a  t h e o r e t i c a l  e x e r c i s e - - b a s e d  t o  be  
s u r e  on a  s t u d y  o f  t h e  p a r t i c u l a r  d i s e a s e ,  c e r v i c a l  c a n c e r - - i t  
seems unnecessa ry  t o  c o m p l i c a t e  t h e  model by denying  homo- 
g e n e i t y .  
No S ~ o n t a n e o u s  R e a r e s s i o n  
W e  w i l l  a l s o  i g n o r e  i n  o u r  model t h e  problem of  r e g r e s s i v e  
c a s e s .  These a r e  c a s e s  which,  i f  l e f t  a l o n e ,  would h e a l  them- 
s e l v e s  r a t h e r  t h a n  p r o g r e s s i n g  t o  a  c l i n i c a l  s t a g e .  However, 
when d e t e c t e d  by s c r e e n i n g  t h e y  a r e  i n d i s t i n g u i s h a b l e  i n  t h e i r  
e a r l y  s t a g e  from p r o g r e s s i v e  c a s e s .  
I f  w e  c h o s e  t o  i n c l u d e  such  c a s e s ,  w e  cou ld  s imply  p r o v i d e  
a  second model f o r  r e g r e s s i v e  c a s e s ,  s i m i l a r  t o  t h e  p r o g r e s s i v e  
c a s e  model w e  w i l l  d e s c r i b e .  I n  t h e  r e g r e s s i v e  model,  however, 
" c l i n i c a l l y  d i s c o v e r e d  c a s e s ,  K," would become " spon taneous ly  
r ecove red  c a s e s ,  S  . " 
But  t o  i n c l u d e  s u c h  c a s e s  would r e q u i r e  t h a t  w e  d e f i n e  
a  new c o n s e q u e n c e  o f  t h e  s c r e e n i n g  p rogram,  namely ,  t h e  number 
o f  r e g r e s s i v e  c a s e s  d e t e c t e d  a n d  u n n e c e s s a r i l y  t r e a t e d .  I f  
some r i s k  o f  d e a t h  w e r e  a s s o c i a t e d  w i t h  t h e  t r e a t m e n t ,  t h e n  
t h e  s c r e e n i n g  p rogram would c a u s e  some t o  l o s e  t h e i r  l i v e s  un- 
n e c e s s a r i l y ,  e v e n  w h i l e  o t h e r s  w e r e  p r e v e n t e d  f rom d y i n g .  The 
m e d i c a l  p r o f e s s i o n ,  whose p r i m a r y  e t h i c  i s  " f i r s t ,  d o  n o  ha rm,"  
m i g h t  w e l l  v a l u e  t h e  two s o u r c e s  o f  m o r t a l i t y  d i f f e r e n t l y .  
C o s t  a n d  M o r t a l i t y  
Our model  e x p r e s s e s  c o s t  a n d  m o r t a l i t y  as  l i n e a r  f u n c t i o n s  
o f  t h e  f o u r  f u n d a m e n t a l  v a r i a b l e s  d e f i n e d  a b o v e .  To remind  
t h e  r e a d e r ,  t h e s e  are  ( a l l  t a k e n  as a n n u a l  p e r  c a p i t a  f i g u r e s )  
t h e  number o f  s c r e e n i n g  tes ts ,  N ;  t h e  number o f  f a l s e  p o s i t i v e  
tes ts ,  F; t h e  number o f  cases d e t e c t e d  by  s c r e e n i n g ,  D ;  and t h e  
number o f  cases d i s c o v e r e d  i n  t h e  c l i n i c ,  K .  
The a n n u a l  p e r  c a p i t a  c o s t  C o f  t h e  p rogram i s :  
Here, a  i s  t h e  c o s t  o f  c a r r y i n g  o u t  o n e  s c r e e n i n g  t e s t .  The N 
c o s t  o f  f o l l o w i n g  up a f a l s e l y  p o s i t i v e  t e s t  w i t h  t h e  p r o c e -  
d u r e s  t h a t  p r o v e  t h e  i n d i v i d u a l  t o  b e  f r e e  o f  t h e  d i s e a s e  i s  aF. 
T h i s  p r o c e d u r e  may b e  d i f f e r e n t  f rom t h e  o n e  u s e d  f o r  s c r e e n -  
i n g - - e . g .  a  b i o p s y  f o l l o w i n g  a Pap smear i n  s c r e e n i n g  f o r  
c e r v i c a l  c a n c e r - - o r  it may s i m p l y  b e  a r e p e a t  o f  t h e  s c r e e n i n g  
p r o c e d u r e .  The c o s t  o f  c o n f i r m i n g  t h e  p r e s e n c e  o f  d i s e a s e ,  
g i v e n  t h a t  t h e  s c r e e n i n g  t e s t  h a s  i n d i c a t e d  t h a t  it i s  p r e s e n t ,  
p l u s  t h e  c o s t  o f  t r e a t i n g  t h e  d i s e a s e  i n  i t s  e a r l y  s t a g e s  i s  aD.  
The cos t  o f  d i a g n o s i n g  a n d  t r e a t i n g  a  c l i n i c a l  c a s e - - t h a t  
i s ,  a c a s e  o f  t h e  d i s e a s e  i n  i t s  l a t e r  s t a g e s - - i s  a K '  
M o r t a l i t y  owing t o  t h e  d i s e a s e  i s  a  l i n e a r  c o m b i n a t i o n  
o n l y  o f  c a s e s  d e t e c t e d  by s c r e e n i n g  and c a s e s  d i a g n o s e d  i n  
t h e  c l i n i c .  T h a t  i s ,  
Here, t h e  c o e f f i c i e n t s  $D and  aK a r e  p r o b a b i l i t i e s  t h a t  a  
p a t i e n t  w i l l  d i e  if h e  h a s  t h e  d i s e a s e .  The p r o b a b i l i t y  i f  
t h e  c a s e  was d e t e c t e d  by s c r e e n i n g ,  and t h e r e f o r e  i n  a n  e a r l y  
s t a g e ,  i s  q D ,  a n d  $K i s  t h e  p r o b a b i l i t y  i f  t h e  c a s e  w a s  d i s -  
c o v e r e d  c l i n i c a l l y ,  and  h e n c e  i n  a  l a t e  s t a g e .  
The D i s e a s e  
We wish t o  d e t e r m i n e  how t h e  number of  s c r e e n i n g  t e s t s ,  N ,  
w i l l  i n f l u e n c e  t h e  number of  c a s e s  d e t e c t e d  by s c r e e n i n g ,  D .  
For t h i s ,  we must have a  p r e c i s e  d e s c r i p t i o n  of t h e  d i s e a s e  
and t h e  manner i n  which it c a n  be d e t e c t e d  i n  a n  e a r l y  s t a g e .  
We c o n c e i v e  of  t h e  d i s e a s e  a s  p a s s i n g  from a n  i n i t i a l  
p o i n t ,  t h rough  a  development  phase ,  t o  a  t e r m i n a l  p o i n t .  The 
i n i t i a l  p o i n t  r e p r e s e n t s  t h e  e a r l i e s t  p o i n t  a t  which t h e  s c r e e n -  
i n g  t e s t  c a n  d e t e c t  t h e  d i s e a s e .  The t e r m i n a l  p o i n t  r e p r e s e n t s  
t h e  i n s t a n t  a t  which t h e  d i s e a s e  would be  d e t e c t e d  i n  t h e  
c l i n i c  i n  t h e  a b s e n c e  o f  any s c r e e n i n g .  
The t i m e  between t h e s e  p o i n t s  i s  c a l l e d  t h e  t r a n s i t  t i m e .  
T h i s  i s  t h e  t ime  d u r i n g  which s c r e e n i n g  i s  expec t ed  t o  uncover  
some c a s e s ,  t o  t h e  b e n e f i t  o f  t h e  p a t i e n t  o r  t h e  d o c t o r .  Not 
a l l  c a s e s  w i l l  have t h e  same t r a n s i t  t i m e .  Some w i l l  p a s s  
v e r y  r a p i d l y  t h r o u g h  t h e  development  phase ,  and o t h e r s  may 
l i n g e r .  M a t h e m a t i c a l l y ,  we e x p r e s s  t h i s  by means of  a  d i s t r i -  
b u t i o n  G ( T ) ,  which g i v e s  t h e  f r a c t i o n  o f  c a s e s  w i t h  t r a n s i t  
t ime  no g r e a t e r  t h a n  T. The a s s o c i a t e d  d e n s i t y  f u n c t i o n  i s  
I n  a d d i t i o n ,  we d e f i n e  a n  i n c i d e n c e  I ,  which i s  t h e  f r a c t i o n  
of t h e  t a r g e t  p o p u l a t i o n  we c a n  e x p e c t  t o  c o n t r a c t  t h e  d i s e a s e  
e a c h  y e a r .  O r d i n a r i l y ,  we would have t o  s p e c i f y  whether  we 
meant t h e  number o f  c a s e s  t h a t  became d e t e c t a b l e  d u r i n g  a  y e a r ,  
o r  t h e  number of c a s e s  a c t u a l l y  d i s c o v e r e d .  But because  we 
a r e  c o n s i d e r i n g  a  s t e a d y  s t a t e  s i t u a t i o n ,  t h e s e  numbers a r e  
t h e  same. 
The S c r e e n i n s  T e s t  
Our model supposes  t h e r e  i s  a  s c r e e n i n g  t e s t  which c a n  
d e t e c t  t h e  d i s e a s e  d u r i n g  i t s  development  phase .  The t e s t  
might  measure  t h e  s i z e  o f  a  tumor ( e . g .  by x - r a y ) ,  t h e  con- 
c e n t r a t i o n  o f  some s u b s t a n c e  ( e . g .  s u g a r  c o n c e n t r a t i o n  i n  
u r i n e ) ,  o r  t h e  e x . i s t e n c e  o f  abnormal c e l l s  on a  microscope  
s l i d e  ( e - g .  f rom a  Pap s m e a r ) .  There  a r e ,  of  c o u r s e ,  a d d i t i o n a l  
p o s s i b i l i t i e s .  
The t e s t  c a n n o t  be  p e r f e c t .  On some o c c a s i o n s ,  it w i l l  
f a i l  t o  d e t e c t  t h e  d i s e a s e  when t h e  d i s e a s e  is  p r e s e n t .  These 
a r e  t h e  f a l s e  n e g a t i v e  t e s t s .  On o t h e r  o c c a s i o n s ,  it w i l l  
i n d i c a t e  t h e  p r e s e n c e  o f  t h e  d i s e a s e  i n  a n  i n d i v i d u a l  w i t h o u t  
it. These a r e  t h e  f a l s e  p o s i t i v e  t e s t s .  Both s o r t s  o f  e r r o r s  
cou ld  be owing t o  c o n t a m i n a t i o n  o f  samples  o r  l a b o r a t o r y  
c h e m i c a l s ,  o b s e r v e r  e r r o r ,  o r  f a i l u r e s  o f  a d m i n i s t r a t i o n  and 
r e c o r d  keep ing .  
We c a n  p a r t i t i o n  a l l  t e s t s  i n t o  f o u r  c a t e g o r i e s  a c c o r d i n g  
t o  two c r i t e r i a .  F i r s t ,  we may c o n s i d e r  whether  a  t e s t  i s  
p o s i t i v e ,  i n d i c a t i n g  t h e  p r e s e n c e  of  t h e  d i s e a s e ,  o r  n e g a t i v e ,  
i n d i c a t i n g  i t s  a b s e n c e .  I n  a d d i t i o n ,  w e  may n o t e  whether  
t h e  t e s t  was c a r r i e d  o u t  on a n  i n d i v i d u a l  w i t h  t h e  d i s e a s e ,  
o r  w i t h o u t .  T a b l e  1 below p i c t u r e s  t h i s  c a t e g o r i z a t i o n .  
Tab le  1 .  T a b l e  o f  t e s t  r e s u l t s  v e r s u s  t r u e  outcomes.  
The e n t r i e s  i n  t h e  t a b l e  symbol ize  t h e  numbers o f  t e s t s  i n  e a c h  
c a t e g o r y .  For  example,  a i s  t h e  number of  t e s t s  t h a t  had P D  
True  S t a t e  of  I n d i v i d u a l  
p o s i t i v e  r e s u l t s  t h a t  w e r e  done  on  d i s e a s e d  i n d i v i d u a l s .  Simi- 
l a r l y ,  a  i s  t h e  number o f  t e s t s  w i t h  n e g a t i v e  r e s u l t s  t h a t  NH 
w e r e  done i n  h e a l t h y  i n d i v i d u a l s .  According t o  o u r  d e f i n i t i o n s  
above ,  t h e n ,  aND i s  t h e  number of  f a l s e  n e g a t i v e s ,  and apH t h e  
Hea l thy  
a  
P H  
a  
N H  
Diseased  
number of  f a l s e  p o s i t i v e s .  
P o s i t i v e  Res i l l t  
o f  
T e s t  Nega t ive  
I t  seems r e a s o n a b l e  t o  suppose  t h a t  t h e  number o f  e r r o r s  
o f  a  g i v e n  k ind  w i l l  be  p r o p o r t i o n a l  t o  t h e  number o f  oppor-  
t u n i t i e s  t o  make t h a t  e r r o r .  T h a t  i s ,  t h e  number of  f a l s e  
n e g a t i v e s ,  a  ND ' w i l l  b e  p r o p o r t i o n a l  t o  t h e  number of  t e s t s  
a  
P D  
a  
N D  
done on  d i s e a s e d  i n d i v i d u a l s .  S i m i l a r l y ,  t h e  number of  f a l s e  
p o s i t i v e s  w i l l  be p r o p o r t i o n a l  t o  t h e  number of  t e s t s  done on  
h e a l t h y  i n d i v i d u a l s .  M a t h e m a t i c a l l y ,  t h e n ,  w e  c a n  d e f i n e  a  
f a l s e  n e g a t i v e  e r r o r  r a t e  " p , "  a  f a l s e  p o s i t i v e  e r r o r  r a t e  " q , "  
and w r i t e  
P a r t i c i p a t i o n  i n  t h e  Sc reen ing  Program 
W e  w i l l  assume t h a t  t h e  i n t e r v a l  between s u c c e s s i v e  
s c r e e n i n g  t e s t s  i s  a  c o n s t a n t ,  a .  C l e a r l y ,  t h i s  assumpt ion  i s  
u n r e a l i s t i c .  Not everyone  w i l l  a t t e n d  a  r e a l  s c r e e n i n g  program 
w i t h  t h e  same f r equency .  Nor w i l l  most i n d i v i d u a l s  a t t e n d  w i t h  
p e r f e c t  r e g u l a r i t y .  I n s t e a d ,  a t t e n d a n c e  w i l l  be  i r r e g u l a r  and 
nonuniform. Moreover, t h i s  l a c k  of  r e g u l a r i t y  may have a  c o n s i -  
d e r a b l e  impact upon t h e  e f f e c t i v e n e s s  o f  t h e  s c r e e n i n g  program. 
For example, i f  a l l  c a s e s  o f  t h e  d i s e a s e  had a  t r a n s i t  t i m e  of  
one y e a r ,  and i f  everyone  w e r e  t e s t e d  a t  c o n s t a n t  i n t e r v a l s  ( a s  
w e  have assumed) ,  w e  would have t o  s c r e e n  t h e  p o p u l a t i o n  an  
ave rage  of once  each  y e a r  i n  o r d e r  t o  be c e r t a i n  o f  s u b j e c t i n g  
each  c a s e  t o  a t  l e a s t  one t e s t .  I f  some peop le  w e r e  t e s t e d  
w i t h  no more t h a n  h a l f  t h e  ave rage  f r equency ,  w e  would have 
t o  t e s t  peop le  a t  a n  a v e r a g e  f r equency  o f  twice a  y e a r  i n  o r d e r  
t o  be s u r e  of  t e s t i n g  each  c a s e  a t  l e a s t  once .  However, t h i s  
s t u d y  i s  i n t ended  t o  be i l l u s t r a t i v e ,  n o t  d e f i n i t i v e ,  and w e  
f e e l  t h a t  t h i s  s i m p l i f y i n g  assumption w i l l  n o t  d i l u t e  t h a t  g o a l .  
D e t e c t i n a  Cases  
A c a s e  w i l l  be d e t e c t e d  i f  a t  l e a s t  one s c r e e n i n g  t e s t  i s  
done d u r i n g  t h e  development p e r i o d  o f  t h e  c a s e ,  and i f  n o t  a l l  
of  t h o s e  t e s t s  a r e  f a l s e l y  n e g a t i v e .  Converse ly ,  t h e  c a s e  w i l l  
be missed by s c r e e n i n g ,  and t h e r e f o r e  d e t e c t e d  i n  t h e  c l i n i c ,  
i f  e v e r y  t e s t  done on t h a t  c a s e  i s  a  f a l s e  n e g a t i v e .  
Cons ide r ,  t h e n ,  a  c a s e  w i t h  t r a n s i t  t i m e  T. Suppose t h a t  
t h e  f i r s t  t e s t  on t h i s  c a s e  o c c u r s  a t  t i m e  T a f t e r  i t s  incep-  
t i o n ,  and t h a t  f u r t h e r  t e s t s  occur  a t  t i m e  T + a ,  T + 2 0 ,  ..., 
T + nu. S ince  w e  a r e  assuming a  c o n s t a n t  i n t e r v a l  o  between 
s u c c e s s i v e  s c r e e n i n g  t e s t s ,  w e  must have o  - < T - < a .  C l e a r l y ,  
t h e  p r o b a b i l i t y  of m i s s i n g  such a  c a s e  i s  
I n t e g r a t i n g  o v e r  t h e  d i s t r i b u t i o n  of  t r a n s i t  t i m e s  g ( T ) ,  
w e  o b t a i n  t h e  p r o b a b i l i t y  of  m i s s i n g  a  c a s e ,  g i v e n  t h a t  t h e  
f i r s t  t e s t  o c c u r s  a t  t i m e  T a f t e r  i t s  i n c e p t i o n .  I n t e g r a t i n g  
t h e  r e s u l t  ove r  a l l  a d m i s s i b l e  v a l u e s  of  T ( O  5 T < a  1 ,  w e  
- 
o b t a i n  t h e  u n c o n d i t i o n a l  p r o b a b i l i t y  of  m i s s i n g  a  c a s e ,  a s  a  
f u n c t i o n  of  t h e  s c r e e n i n g  i n t e r v a l  a ,  and t h e  f a l s e  n e g a t i v e  
r a t e  p.  T h i s ,  a f t e r  some m a n i p u l a t i o n s  i s :  
where  G ( T )  i s  t h e  c u m u l a t i v e  t r a n s i t  t i m e  d i s t r i b u t i o n ,  d e f i n e d  
by 
To f i n d  t h e  number o f  c a s e s  m i s s e d  p e r  c a p i t a ,  w e  m e r e l y  
m u l t i p l y  X ( a l p )  by t h e  i n c i d e n c e  I .  T h a t  i s  
I n  o u r  mode l ,  c a s e s  a r e  e i t h e r  d i s c o v e r e d  i n  t h e  c l i n i c ,  o r  
d e t e c t e d  by s c r e e n i n g .  T h e r e  i s  no  o t h e r  p o s s i b i l i t y .  Thus ,  
F a l s e  P o s i t i v e s  
The number o f  f a l s e  p o s i t i v e  t e s t  r e s u l t s  i s  e q u a l  t o  t h e  
f a l s e  p o s i t i v e  r a t e ,  q ,  m u l t i p l i e d  by t h e  number o f  t e s t s  d o n e  
on  h e a l t h y  i n d i v i d u a l s .  The number o f  t e s t s  d o n e  o n  h e a l t h y  
i n d i v i d u a l s  i s  t h e  d i f f e r e n c e  be tween  t h e  t o t a l  number o f  tes t s ,  
and t h e  number d o n e  o n  d i s e a s e d  i n d i v i d u a l s .  Thus ,  t o  c a l c u -  
l a t e  t h e  number o f  f a l s e  p o s i t i v e  t e s t s ,  w e  m u s t  f i r s t  c a l c u -  
l a t e  t h e  number o f  t e s t s  d o n e  o n  d i s e a s e d  i n d i v i d u a l s ,  U .  
To c a l c u l a t e  U ,  w e  n o t e  t h a t  a  f r a c t i o n  o f  p  o f  t h e s e  
c a s e s  m u s t  b e  f a l s e l y  n e g a t i v e ,  and  t h e  complementa ry  f r a c t i o n  
1 - p  m u s t  b e  t r u l y  p o s i t i v e .  But  e a c h  t r u e  p o s i t i v e  t e s t  
w i l l  d e t e c t  a  c a s e .  Hence 
T h e r e f o r e ,  w e  c a n  c a l c u l a t e  t h e  number o f  f a l s e  p o s i t i v e  t e s t s  
a s  
The Model 
What w e  h a v e  d o n e  s o  f a r  p e r m i t s  u s  t o  e x p r e s s  t h e  c o s t  
and  e f f e c t i v e n e s s  o f  a  s c r e e n i n g  p rogram i n  t e r m s  o f  a  v a r i a b l e  
t h a t  r e s e a r c h  m i g h t  i n f l u e n c e .  These  a r e  s u c h  t h i n g s  a s  t h e  
f a l s e  n e g a t i v e  and  f a l s e  p o s i t i v e  r a t e s  o f  t h e  s c r e e n i n g  t e s t ,  
t h e  i n t e r v a l  b e t w e e n  s u c c e s s i v e  t e s t s  o n  t h e  same i n d i v i d u a l ,  
t h e  i n c i d e n c e  o f  t h e  d i s e a s e ,  etc .  T h e s e  r e l a t i o n s  a r e  o b t a i n e d  
by s u b s t i t u t i n g  e q u a t i o n s  ( 6 ) ,  ( 7 )  , and  ( 8 )  , i n t o  e q u a t i o n s  (1  ) 
and ( 2 )  . The r e s u l t  i s  
I n  t h e s e  e q u a t i o n s  c o s t  a n d  m o r t a l i t y  a r e  e x p r e s s e d  a s  
a n n u a l  q u a n t i t i e s  i n  p e r  c a p i t a  t e r m s .  F u r t h e r ,  w e  h a v e  t a k e n  
o u r  u n i t  o f  t i m e  t o  b e  T, t h e  a v e r a g e  t r a n s i t  t i m e .  Thus  a  
i s  t h e  number-of a v e r a g e  t r a n s i t  t i m e s  be tween  s u c c e s s i v e  
s c r e e n i n g s ;  O T  i s  t h e  y e a r s  be tween  s c r e e n i n g s .  A c c o r d i n g l y ,  
t h e  f a c t o r  l / o ?  i n  t h e  f i r s t  t e r m  o f  e q u a t i o n  ( 9 )  i s  t h e  number 
o f  s c r e e n i n g s  p e r  y e a r  p e r  c a p i t a .  
An Example: S c r e e n i n g  f o r  C e r v i c a l  C a n c e r  
I n  u s i n g  t h i s  model  w e  c h o s e  a s  a n  e x a m p l e  t h e  s c r e e n i n g  
program d e s c r i b e d  b y  t h e  p a r a m e t e r s  shown i n  T a b l e  2 .  T h e s e  
v a l u e s  w e r e  o b t a i n e d  f r o m  t h e  l i t e r a t u r e ,  a n d  a r e  a p p r o p r i a t e  
f o r  a  h y p o t h e t i c a l  p rogram f o r  s c r e e n i n g  f o r  c a n c e r  o f  t h e  u t e r -  
i n e  c e r v i x .  S c h n e i d e r  a n d  Twiggs  [ 9 ]  p r o v i d e  mos t  o f  t h e  c o s t  
f a c t o r s ,  i n c l u d i n g  t h e  c o s t  o f  a  t e s t  1  (aN = $ 5 ) ,  t h e  c o s t  o f  
' 1n  s c r e e n i n g  f o r  c e r v i c a l  c a n c e r ,  t h e  t e s t  i s  c a l l e d  
t h e  Pap s m e a r .  I t  i n v o l v e s  s c r a p i n g  c e l l s  f rom t h e  s u r f a c e  
o f  t h e  c e r v i x ,  p l a c i n g  them o n  a  g l a s s  s l i d e ,  a n d  s t a i n i n g  
a n d  r e a d i n g  them.  The c o s t s  o f  a l l  t h e s e  o p e r a t i o n s ,  p l u s  
a d m i n i s t r a t i o n  c o s t s ,  a r e  i n c l u d e d .  

a  f a l s e  p o s i t i v e  t e s t  ( a F  = $ 4 6 0 ) ,  and t h e  c o s t  o f  a  c a s e  
d e t e c t e d  e a r l y  2  ( a~ = $ 4 6 0 ) .  The c o s t  o f  t r e a t i n g  a  c l i n i c a l l y  
d i s c o v e r e d  c a s e  was o b t a i n e d  by we igh t ing  t h e  c o s t s  of t r e a t i n g  
t h e  d i s e a s e  a t  d i f f e r e n t  s t a g e s  ( f rom Schne ide r  Twiggs [ 9 ] )  
by t h e  p r o b a b i l i t i e s  o f  d i s c o v e r y  a t  t h o s e  s t a g e s  ( f rom 
Campbell [ 4 ]  ) . The r e s u l t  i s  a k  = $2,670.  
The f a l s e  p o s i t i v e  r a t e  ( p  = 0.25)  was o b t a i n e d  u s i n g  a  
method i n  Bigelow and ~ l l i s  [2 ]  a p p l i e d  t o  d a t a  o f  Dunn e t  a l .  
[ 5 ] .  The f a l s e  p o s i t i v e  r a t e  (q  = 3.0 x l o m 5 )  was t a k e n  s o  
t h a t  105 of  t h e  p o s i t i v e  smears would be  f a l s e l y  p o s i t i v e ,  
t h i s  be ing  t h e  f i g u r e  quoted  by Schneider  and Twiggs [ 9 ] .  
M o r t a l i t y  among c a s e s  d e t e c t e d  and t r e a t e d  e a r l y  i s  
v e r y  low, a s  shown by Boyes e t  a l .  [ 3 ] .  Thus w e  have used a  
m o r t a l i t y  r a t e  among e a r l y  c a s e s  o f  z e r o  (+o = 0 . 0 ) .  Campbell 
[ 4 ]  on t h e  o t h e r  hand, r e p o r t s  a  m o r t a l i t y  among l a t e  c a s e s  
of  a b o u t  50% ( + k  = 0.5)  . 
The i n c i d e n c e  w e  have chosen ( I  = 27 c a s e s  p e r  100,000 
p o p u l a t i o n  p e r  y e a r )  i s  t a k e n  t o  be t h e  i n c i d e n c e  of c l i n i c a l  
c a s e s  among t h e  unscreened  p o p u l a t i o n  of B r i t i s h  Columbia 
( F i d l a  e t  a l .  [ 6 1 ) .  T h i s  f i g u r e  seems t y p i c a l  of many a r e a s  
of  t h e  wor ld .  
There  i s  c o n s i d e r a b l e  c o n t r o v e r s y  conce rn ing  t h e  a v e r a g e  
t r a n s i t  t i m e  of c e r v i c a l  c a n c e r .  F i g u r e s  a s  low a s  4 .5  y e a r s  
and a s  h igh  a s  twenty  y e a r s  have been proposed (see Green [ 7 ] ) .  
W e  have chosen = t e n  y e a r s ,  a l t h o u g h  w e  w i l l  l a t e r  i n v e s t i -  
g a t e  t h e  e f f e c t  o f  d i f f e r e n t  c h o i c e s .  
Choosing Base Cases  
W e  w i l l  examine s c r e e n i n g  programs, u s i n g  t h e  v a l u e s  i n  
Table  2  f o r  t h e  p a r a m e t e r s ,  under  a  v a r i e t y  of  c i r c u m s t a n c e s .  
~ h u s ,  we w i l l  c o n s i d e r  s c r e e n i n g  programs which aim a t  o n l y  a  
moderate  40$ r e d u c t i o n  i n  m o r t a l i t y  from t h e  u n c o n t r o l l e d  
v a l u e ,  y i e l d i n g  e igh ty -one  d e a t h s  a n n u a l l y  p e r  one m i l l i o n  
p o p u l a t i o n ;  and o t h e r ,  more a m b i t i o u s  programs, which r educe  
m o r t a l i t y  by 90% t o  13 .5  d e a t h s  a n n u a l l y  p e r  m i l l i o n  peop le .  
2 ~ h e  c o s t  of  d e t e r m i n i n g  t h a t  a  t e s t  was f a l s e l y  p o s i t i v e  
i s  t h e  same a s  t h e  c o s t  of  t r e a t i n g  a  c a s e  d e t e c t e d  by s c r e e n i n g .  
Th i s  i s  so  because  t h e  p rocedure  i s  t h e  same i n  bo th  i n s t a n c e s .  
A cone i s  c u t  around t h e  opening  of  t h e  c e r v i c a l  c a n a l ,  and 
t h e n  examined. I f  no c a n c e r  i s  found,  t h e  t e s t  was f a l s e l y  
p o s i t i v e .  I f  c a n c e r  i s  found,  b u t  i s  conf ined  i n  t h e  e p i t h e l i a l  
l a y e r  of  t i s s u e ,  t h e  c a s e  i s  deemed t o  have been t r e a t e d .  More 
advanced c a s e s  w e  i n c l u d e  w i t h  c l i n i c a l l y  d e t e c t e d  c a s e s ,  s i n c e  
it i s  l i k e l y  t h a t  i n  t h e  absence  of  s c r e e n i n g  most such  c a s e s  
would be d i s c o v e r e d  a l m o s t  immediately.  
A f i n a l  q u a n t i t y  t h a t  w e  r e q u i r e  i s  t h e  t r a n s i t  t ime  d i s -  
t r i b u t i o n .  W e  assume t h i s  d i s t r i b u t i o n  t o  be  log-normal ,  which 
i m p l i e s  t h a t  o n l y  two pa rame te r s  a r e  needed t o  s p e c i f y  it. W e  
have a l r e a d y  t a k e n  t h e  mean T of t h e  d i s t r i b u t i o n  t o  be t e n  
y e a r s .  A s  o u r  one  r ema in ing  parameter  w e  choose  t h e  d i s t r i -  
b u t i o n ' s  c o e f f i c i e n t  o f  v a r i a t i o n .  
To d e t e r m i n e  whether  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  i s  t r u l y  
i m p o r t a n t ,  w e  have  c a l c u l a t e d  t h e  c o s t  o f  a  program w i t h  each  
o f  o u r  t a r g e t  m o r t a l i t i e s  a s  a  f u n c t i o n  of  t h a t  pa rame te r .  The 
r e s u l t s  appea r  i n  F i g u r e  1 .  From t h e s e  r e s u l t s  w e  c a n  c o n c l u d e ,  
f i r s t ,  t h a t  t h e  c o s t  o f  t h e  program rises a s  t h e  t a r g e t  mor- 
t a l i t y  f a l l s ,  and second,  t h a t  t h e  c o s t  ( a t  c o n s t a n t  m o r t a l i t y )  
rises a s  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  r ises .  These two r e s u l t s  
shou ld  be  e x p e c t e d ,  and t h a t  t h e y  a r e  p r e d i c t e d  mere ly  i n c r e a s e s  
ou r  c o n f i d e n c e  i n  t h e  model. 
A t h i r d  c o n c l u s i o n  i s  t h a t  t h e  more one  wi shes  t o  r e d u c e  
m o r t a l i t y ,  t h e  more i m p o r t a n t  i s  t h e  c o e f f i c i e n t  o f  v a r i a t i o n .  
I l l u s t r a t i n g  t h i s  c o n c l u s i o n  i s  t h e  f a c t  t h a t  i f  t h e  t a r g e t  
m o r t a l i t y  i s  e i g h t y - o n e  d e a t h s  p e r  m i l l i o n  p e o p l e ,  t h e  c o s t  o f  t h e  
program rises o n l y  6% a s  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  g o e s  from 
0.1 t o  1 . 0 .  I f ,  however, t h e  t a r g e t  m o r t a l i t y  i s  13.5 d e a t h s  
p e r  m i l l i o n  p e o p l e ,  t h e  same change i n  t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  d o u b l e s  t h e  c o s t  o f  t h e  program. 
T h i s  c o n c l u s i o n  i s  s t i l l  f u r t h e r  b u t t r e s s e d  by F i g u r e  2. 
There  w e  have  shown t h e  change i n  t h e  c o s t  o f  two programs a s  
a  f u n c t i o n  of  t h e  mean t r a n s i t  t i m e .  The upper  c u r v e  g i v e s  t h e  
c o s t  o f  a  program whose t a r g e t  m o r t a l i t y  i s  13.5 d e a t h s  p e r  
m i l l i o n  p e o p l e .  The low c u r v e  i s  f o r  a  less e f f e c t i v e  program, 
w i t h  a  t a r g e t  m o r t a l i t y  o f  e igh ty -one  d e a t h s  p e r  m i l l i o n  peop le .  
Not o n l y  i s  t h e  c o s t  o f  t h e  l o w - m o r t a l i t y  program u n i f o r m l y  
g r e a t e r ,  b u t  it a l s o  v a r i e s  more s t a r t i n g l y  o v e r  t h e  r a n g e  o f  
u n c e r t a i n t y  of  mean t r a n s i t  t i m e  ( app rox ima te ly  5  t o  20 y e a r s ) .  
Thus, t h e  c o s t  o f  t h e  h i g h - m o r t a l i t y  program ove r  t h a t  r a n g e  i n  
T v a r i e s  f rom 0.616 t o  1 . 0 2 ,  a  r a t i o  o f  1 .66  w h i l e  t h e  c o s t  o f  
t h e  l o w - m o r t a l i t y  program r a n g e s  between 0.638 and 2 .0 ,  g i v i n g  
a  r a t i o  of  3 .13 .  
I n  g e n e r a l ,  t h e n ,  w e  c a n  s u p p o r t  t h e  c o n c l u s i o n  of  Knox [ 8 ] .  
T h i s  c o n c l u s i o n  i s  t h a t  i f  one  wi shes  a  program of  o n l y  modera te  
e f f e c t i v e n e s s ,  t h e n  i g n o r a n c e  of t h e  p r e c i s e  n a t u r e  o f  t h e  
d i s e a s e  i s  n o t  t o o  i m p o r t a n t .  But ,  " . . . t h e  c o s t  o f  i gno rance  
r ises  w i t h  t h e  i n v e s t m e n t ,  and j u s t i f i c a t i o n  f o r  r e s e a r c h  t o  
r e s o l v e  u n c e r t a i n t i e s  must a l s o  mount a s  t h e  i nves tmen t  mounts"[81.  
Accord ing ly ,  f o r  e a c h  t a r g e t  m o r t a l i t y ,  w e  w i l l  c a r r y  o u t  
ou r  a n a l y s i s  f o r  two c o e f f i c i e n t s  o f  v a r i a t i o n ,  one  low (CV = 0 . 1 ) ,  
and one  h i g h  (CV = 1 . 0 ) .  These two d i s t r i b u t i o n s  a r e  shown i n  
F i g u r e  3. T h i s  g i v e s  r i se  t o  f o u r  b a s e  c a s e s ,  w i t h  d i f f e r e n t  
combina t ions  of t a r g e t  m o r t a l i t y  ( h i g h  and low) and c o e f f i c i e n t  
of v a r i a t i o n  ( h i g h  and l o w ) .  These f o u r  c a s e s  w e  d e s c r i b e d  i n  
Tab le  3 .  A l l  f i g u r e s  i n  t h i s  t a b l e  a r e  p e r  c a p i t a  p e r  y e a r .  
Thus t h e  "number o f  t e s t s "  i s  t h e  allilual number o f  tes ts  p e r  
pe r son .  A l l  c o s t s  a r e  g i v e n  i n  U S  d o l l a r s .  
T a b l e  3 .  F o u r  base cases. 
C a s e  8 1 :  
M = 1 3 . 5 / 1 0  6 
cv = 0 . 1  
C a s e  # 2 :  
M = 1 3 . 5 / 1 0  6 
cv = 1 . 0  
PERFORMANCE 
C a s e  # 3 :  
M = 8 1 / 1 0  
cv = 0 . 1  
No. t e s t s  
No. f a l s e  p o s i t i v e s  
N o .  f a l s e  n e g a t i v e s  
N o .  cases f o u n d  e a r l y  
N o .  cases m i s s e d  
COST, BY ELEMENT 
T a k i n g  t e s t s  
F a l s e  ~ o s i t i v e s  
T r e a t i n g  e a r l y  cases 
T r e a t i n g  l a t e  cases 
C a s e  # 4 :  
M = 8 1 / 1 0  6 
cv = 1 . 0  
TOTAL COST 
D i s c u s s i o n  o f  Base  Cases 
Looking a t  T a b l e  3 ,  w e  c a n  make t h e  f o l l o w i n g  o b s e r v a t i o n s .  
F i r s t ,  r e g a r d l e s s  o f  which case we c o n s i d e r ,  t h e r e  are neve r  
v e r y  many f a l s e  p o s i t i v e  tes ts ,  and t h e i r  c o s t  i s  n e v e r  s i g n i f i -  
c a n t .  They would have  t o  b e  much more l i k e l y  ( i n c r e a s e  q )  o r  
much more c o s t l y  ( i n c r e a s e  a F )  t o  change  t h i s .  
Second, i f  t h e  t a r g e t  m o r t a l i t y  i s  low (Cases 1  and 2 ) ,  
t h e  major  p o r t i o n  o f  t h e  c o s t  i s  f o r  t a k i n g  tes ts .  T h i s  
s u g g e s t s  t h a t  t h e  p a r a m e t e r s  o f  g r e a t e s t  i m p o r t a w e  i n  d e t e s -  
min ing  t h e  t o t a l  program c o s t  w i l l  b e  t h o s e  which p r i m a r i l y  
i n f l u e n c e  t h e  c o s t  o r  number o f  tes ts .  T h i s  c o n c l u s i o n  i s  
even s t r o n g e r  i f  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  i s  h i g h  (Case 2 )  
t h a n  i f  it i s  low (Case 1 ) .  
On t h e  o t h e r  hand,  i f  t h e  t a r g e t  m o r t a l i t y  i s  h i g h  (Cases  3  
and 4 ) ,  t h e  major  p a r t  of  t h e  program c o s t  i s  i n c u r r e d  i n  
t r e a t i n g  l a t e  ( c l i n i c a l )  c a s e s .  Thus one  would e x p e c t  t h a t  
measures  r e d u c i n g  t h e  c o s t  o r  i n c r e a s i n g  t h e  e f f e c t i v e n e s s  o f  
l a t e  t r e a t m e n t  would most  e f f e c t i v e l y  r e d u c e  t h e  program c o s t .  
F i n a l l y ,  w e  n o t e  t h a t  when t h e  t a r g e t  m o r t a l i t y  i s  h i g h  
(Cases 3  and 4 ) ,  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  makes no i m p o r t a n t  
d i f f e r e n c e  i n  any  o f  t h e  c o s t  e l e m e n t s ,  and ,  a l o n e  (as w e  know 
a l r e a d y )  it makes no d i f f e r e n c e  i n  t h e  t o t a l  c o s t .  I t  would 
seem, t h e r e f o r e ,  t o  b e  u n n e c e s s a r y  t o  f u r t h e r  a n a l y z e  t h e  
i n f l u e n c e  o f  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  upon l o w - m o r t a l i t y  
s c r e e n i n g  programs .  T h e r e f o r e ,  w e  w i l l  d r o p  Case 4 ,  and do  
o u r  f u r t h e r  a n a l y s e s  on Cases  1 ,  2  and 3 o n l y .  
S e n s i t i v i t y  o f  C o s t  t o  S e l e c t e d  P a r a m e t e r s  
The t o t a l  c o s t  o f  a  s c r e e n i n g  program w i l l ,  o f  c o u r s e ,  
depend upon t h e  v a r i o u s  p a r a m e t e r s  d e s c r i b i n g  t h e  program. I n  
t h i s  s e c t i o n  w e  e x p l o r e  some o f  t h e s e  d e p e n d e n c i e s .  We s h a l l  
a l s o  examine t h e  s e n s i t i v i t y  o f  t h e s e  d e p e n d e n c i e s  t o  changes  
i n  t h e  t a r g e t  m o r t a l i t y  and changes  i n  t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  o f  t h e  t r a n s i t  t i m e  d i s t r i b u t i o n .  
The f i r s t  pa r ame te r  w e  l o o k  a t  i s  a  t h e  c o s t  o f  t r e a t i n g  
t h e  d i s e a s e  i n  i t s  l a t e ,  c l i n i c a l  s t a g e . K f ~ n  F i g u r e  4a ,  w e  see 
t h a t  when t h e  t a r g e t  m o r t a l i t y  i s  h i g h ,  t o t a l  program c o s t  i s  
v e r y  s e n s i t i v e  t o  a  K ' T h i s  s h o u l d  n o t  s u r p r i s e  u s ,  a s  s u c h  a  
l a r g e  p e r c e n t a g e  o f  c a s e s  are t r e a t e d  l a t e  (see T a b l e  3 ) .  
Conve r se ly ,  when t a r g e t  m o r t a l i t y  i s  low, 
(', K h a s  r e l a t i v e l y  
l i t t l e  i n f l u e n c e  o n  t o t a l  program c o s t .  F i g u r e  4b shows t h a t  
t h e  s e n s i t i v i t y  o f  t o t a l  c o s t  t o  a K  i s  n o t  a f f e c t e d  by changes  
i n  t h e  c o e f f i c i e n t  o f  v a r i a t i o n .  
The o p p o s i t e  i s  t r u e  o f  t h e  s e n s i t i v i t y  o f  t o t a l  c o s t  t o  
a  t h e  c o s t  o f  a  s c r e e n i n g  t e s t  (see F i g u r e  5 ) .  I n  F i g u r e  5a N 
w e  see t h a t  t h e  c o s t  o f  a  program w i t h  a h i g h  t a r g e t  m o r t a l i t y  
i s  v e r y  g r e a t  i ndeed .  Again,  t h i s  shou ld  n o t  come a s  a  s u r p r i s e ,  
s i n c e  a  program w i t h  a  low t a r g e t  m o r t a l i t y  r e q u i r e s  t h a t  many 
more s c r e e n i n g  tes ts  be  performed t h a n  a  program w i t h  a  h i g h  
t a r g e t  m o r t a l i t y .  F i g u r e  5b d e m o n s t r a t e s  t h a t  changes  i n  t h e  
c o e f f i c i e n t  o f  v a r i a t i o n  a f f e c t  t h e  amount o f  money t h a t  a  
r e d u c t i o n  i n  a might  s a v e ,  b u t  n o t  t h e  p e r c e n t a g e  of t o t a l  
program c o s t .  N 
I n  F i g u r e  6a ,  w e  see t h a t  i f  t a r g e t  m o r t a l i t y  i s  h i g h ,  
t o t a l  program c o s t  i s  i n s e n s i t i v e  t o  t h e  f a l s e  n e g a t i v e  r a t e  
of  t h e  s c r e e n i n g  t e s t .  The e x p l a n a t i o n  i s  t h a t  s i n c e  a  pro-  
gram o f  t h i s  k ind  u s e s  r e l a t i v e l y  few s c r e e n i n g  t e s t s ,  t h e  
p r e c i s e  d e s c r i p t i o n  of  t h e  t e s t - - i n c l u d i n g  i t s  c o s t  and  e r r o r  
r a t e s - - s h o u l d  n o t  s t r o n g l y  i n f l u e n c e  program c o s t .  On t h e  o t h e r  
hand,  w e  would e x p e c t ,  and w e  d o  i n  f a c t  o b s e r v e ,  t h a t  t h e  
c o s t  o f  a program w i t h  low t a r g e t  m o r t a l i t y  depends  markedly 
on t h e  f a l s e  n e g a t i v e  r a t e .  F i g u r e  6b shows t h a t  changes  i n  
t h e  c o e f f i c i e n t  o f  v a r i a t i o n  i n f l u e n c e  t h e  amount o f  money 
t h a t  a  r e d u c t i o n  i n  "p"  might  s a v e ,  b u t  n o t  t h e  p e r c e n t a g e  o f  
t o t a l  program c o s t .  
The r e s u l t s  shown i n  F i g u r e  7  a r e  somewhat c o u n t e r i n t u i t i v e .  
F i g u r e  7a a s s e n t s  t h a t  i f  t h e  t a r g e t  m o r t a l i t y  o f  a program i s  
h i g h ,  t h e n  chang ing  @ t h e  p r o p o r t i o n  o f  peop le  w i t h  l a t e -  
s t a g e  d i s e a s e  who d i e v ' s h o u l d  have v i r t u a l l y  no a f f e c t  on t o t a l  
program c o s t .  But because  t h e  t r e a t m e n t  o f  l a t e - s t a g e  d i s e a s e  
forms such  a  l a r g e  p a r t  o f  a program w i t h  h i g h  t a r g e t  m o r t a l i t y  
(see Tab le  3 ) ,  one  would n a i v e l y  e x p e c t  @ t o  s t r o n g l y  i n f l u e n c e  K 
program cost--more s t r o n g l y ,  i n  f a c t ,  t h a n  i f  t a r g e t  m o r t a l i t y  
were low. 
The e x p l a n a t i o n  of  t h i s  phenomenon i s  t h a t  w e  a r e  con- 
s i d e r i n g  programs which m a i n t a i n  t h e  same m o r t a l i t y  r a t e  even 
a s  Q K  i s  changed.  Thus, changes  i n  @ must be  c o u n t e r b a l a n c e d  I< 
by an  i n c r e a s e  i n  t h e  f r a c t i o n  o f  c a s e s  t r e a t e d  i n  t h e i r  l a t e  
s t a g e ,  and hence by a  r e d u c t i o n  i n  t h e  number of  s c r e e n i n g  
t e s t s  g i v e n .  Those two f a c t o r s - - t h e  i n c r e a s e  i n  l a t e - s t a g e  
c a s e s ,  and t h e  d e c r e a s e  i n  s c r e e n i n g  t e s t s - - h a v e  o p p o s i t e  
e f f e c t s  on t o t a l  program c o s t s .  When t a r g e t  m o r t a l i t y  i s  h i g h ,  
t h e  two f a c t o r s  a l m o s t  e x a c t l y  o f f s e t  each  o t h e r .  When t a r g e t  
m o r t a l i t y  i s  low, t h e  c o s t  of  s c r e e n i n g  t e s t s  i s  a  much l a r g e r  
p a r t  o f  t h e  t o t a l  c o s t ,  and hence  t h e  r e d u c t i o n  i n  t h i s  f a c t o r  
ou tweighs  t h e  i n c r e a s e  i n  t h e  c o s t  of  t r e a t i n g  t h e  l a t e - s t a g e  
c a s e s .  
W e  a c c o u n t  f o r  t h e  r e s u l t  shown i n  F i g u r e  7b by c a r r y i n g  
t h i s  e x p l a n a t i o n  s t i l l  f a r t h e r .  From T a b l e  3 w e  f i n d  t h a t  a s  
t h e  c o e f f i c i e n t  o f  v a r i a t i o n  r i ses ,  s o  d o e s  t h e  impor tance  of  
t h e  c o s t  o f  s c r e e n i n g  t e s t s .  Thus changes  i n  t h i s  c o s t  w i l l  
outweigh changes  i n  l a t e - s t a g e  t r e a t m e n t  c o s t  more h e a v i l y ,  
t h e  l a r g e r  t h e  c o e f f i c i e n t  of  v a r i a t i o n .  
Perhaps  t h e  most s a t i s f y i n g  r e s u l t  w e  have o b t a i n e d  i s  
i l l u s t r a t e d  by F i g u r e  8 .  T h i s  shows t h e  e f f e c t  of changing  
t h e  i n c i d e n c e  o f  t h e  d i s e a s e  on t o t a l  program c o s t .  I n  t h i s  
i n s t a n c e ,  a s  t h roughou t  t h i s  s e c t i o n ,  w e  a r e  c o n s i d e r i n g  
programs whose m o r t a l i t y  i s  c o n s t a n t .  Thus,  t h e  changes  i n  
i n c i d e n c e  con templa t ed  i n  F i g u r e  8 a r e  c o u n t e r b a l a n c e d  by 
changes  i n  t h e  number of  s c r e e n i n g  t e s t s ,  and hence  changes  
i n  t h e  f r a c t i o n  o f  c a s e s  t h a t  a r e  t r e a t e d  i n  t h e i r  l a t e ,  
c l i n i c a l  s t a g e .  What F i g u r e  8 shows i s  t h a t  r e g a r d l e s s  of  
t h e  c o e f f i c i e n t  of  v a r i a t i o n ,  a  g i v e n  r e d u c t i o n  i n  i n c i d e n c e  
w i l l  p e r m i t  t h e  same p e r c e n t a g e  r e d u c t i o n  i n  t o t a l  nrogram 
c o s t .  
T rade -o f f s  Between Pa rame te r s  
I t  shou ld  b e  s a i d  t h a t  changing  t h e  i n c i d e n c e  of  a  d i s e a s e  
i s  n o t  p o s s i b l e .  For example,  t h e  i n c i d e n c e  of c e r v i c a l  c a n c e r  
i s  c o r r e l a t e d  w i t h  t h e  r a t e  of  v a g i n a l  i n f e c t i o n s  ( e . g .  see 
B e r a l  [ I ] ) .  I f  t h e  r a t e  of i n f e c t i o n s  r i ses ,  s o  w i l l  t h e  r a t e - -  
some y e a r s  l a t e r - - o f  c e r v i c a l  c a n c e r .  I t  would s e e m ,  t h e r e f o r e ,  
t h a t  a n  e d u c a t i o n a l  program t h a t  t a u g h t  p r i n c i p l e s  and p r a c t i c e  
of  good hyg iene  might  w e l l  r e d u c e  t h e  i n c i d e n c e  of  c e r v i c a l  
c a n c e r .  
Indeed ,  a l l  o f  t h e  p a r a m e t e r s  c o n s i d e r e d  i n  t h e  l a s t  s e c t i o n  
might  be  changed by a p p r o p r i a t e  a c t i o n .  The c a s e  aK of  l a t e -  
s t a g e  t r e a t m e n t  might  r i se ,  o r  t h e  m o r t a l i t y  +K among t h e  l a t e  
c a s e s  f a l l ,  i f  a  new t r e a t m e n t  t e c h n i q u e  w e r e  p e r f e c t e d .  A new 
t e s t  might  have a  d i f f e r e n t  c o s t  a o r  a  f a l s e  n e g a t i v e  r a t e  N 
I ~ P .  " 
However, it seems more l i k e l y  t h a t  such  a c t i o n  would re- 
s u l t  i n  changes  i n  two p a r a m e t e r s  s i m u l t a n e o u s l y ,  r a t h e r  t h a n  
o n l y  one.  Thus a  d i f f e r e n t  t e s t  would have b o t h  a  d i f f e r e n t  
c o s t  a and a  d i f f e r e n t  f a l s e  n e g a t i v e  r a t e  p. A d i f f e r e n t  N 
l a t e - s t a g e  t r e a t m e n t  would have b o t h  a  d i f f e r e n t  c o s t  a and 
a  d i f f e r e n t  m o r t a l i t y  r a t e  + K .  K 
I n  t h i s  s e c t i o n ,  t h e r e f o r e ,  w e  w i l l  examine t r a d e - o f f s  
between s e l e c t e d  p a i r s  of p a r a m e t e r s .  The t r a d e - o f f  c u r v e s  
w e  o b t a i n  map o u t  t h e  d i f f e r e n t  v a l u e s  t h a t  t h e  p a i r s  of  pa ra -  
meters may assume, and--with  p rope r  c h o i c e  of  a n  i n t e r v a l  b e t -  
ween s c r e e n i n g  t e s t s - - s t i l l  y i e l d  a  program w i t h  t h e  same c o s t  
and m o r t a l i t y .  
The c u r v e s  p r e s e n t e d  i n  F i g u r e  9 g i v e  t h e  t r a d e - o f f  b e t -  
ween t h e  f a l s e  n e g a t i v e  r a t e  and t h e  c o s t  p e r  t e s t .  Each 
c u r v e  d e p i c t s  t h e  t r a d e - o f f  between t h e  two p a r a m e t e r s  f o r  a  
program w i t h  d i f f e r e n t  t a r g e t  m o r t a l i t y  and c o e f f i c i e n t  o f  
v a r i a t i o n .  Thus,  t h e  l e f t  hand g raph  shows t h e  s e n s i t i v i t y  
of  t h e  t r a d e - o f f  c u r v e  t o  changes  i n  t a r g e t  m o r t a l i t y ,  w h i l e  
t h e  r i g h t  hand c u r v e  shows t h e  e f f e c t  of  chang ing  t h e  c o e f f i -  
c i e n t  o f  v a r i a t i o n .  


















